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Spectroscopic detection of signatures produced by Nuclear Weapons of Mass Destruction 
(NWMD) is essential for maintaining national security and countering nuclear proliferation.  
Through non-invasive measurement techniques it is possible to remotely monitor an area and 
confirm or deny the use of nuclear materials in explosives.  Given that all elements have a unique 
atomic and molecular emission signature, explosive compositions can be determined by making 
comparisons to known spectral emission data.  Atomic and molecular signatures can only be 
detected at early times during an explosive event when high-energy plasmas are formed. 
Additionally, the chemical and physical properties, including temperatures and compositions, of 
these short lifetime plasmas rapidly evolve as the event moves forward in time.  For these 
reasons it is of interest to develop a system capable of gathering and accurately tracking temporal 
spectral information at early times in an excitation event.  
This research aims to implement an optical diagnostic system capable of performing time-
resolved emission spectroscopy to accurately identify actinide core signatures in the UV-visible 
regime.  Primary system components included two different material spark chambers, one dust 
cloud combustion chamber, spectrometer, and two different charge coupled device cameras 
capable of recording time-resolved spectra.  Time-resolved spectra are also produced with a 
rotating mirror assembly capable of mechanically streaking the emitted light.  Multiple methods 
of material excitation have been investigated including exploding brass bridgewires, graphite 
electrode sparks containing powders, uranium wire electrode sparks, and ignition of various 
metal powders to generate burning dust clouds.  High-speed images of two out of the three 
excitation methods are reported.  Additionally, the initial gas environments and pressures will be 
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CHAPTER 1: INTRODUCTION 
1.1 Motivation 
Spectroscopy is a well known, in both industry and academia, experimental measurement 
technique used to study the interaction of light and matter.  It is possible to accurately measure 
relative line strengths, equivalent widths, shapes, and spectral energy distributions of the 
continuum.  Those physical measurements can then be used to infer abundances, ionization 
states, temperatures, pressures, densities, and magnetic fields.  Spectrometers are categorized by 
two major characteristics, geometry and type of dispersing element.  Geometries may include, 
but are not limited to, long-slit or multi-slit, aperture of multi-fiber, integral field units, and 
tunable imagers.  Typical dispersing elements are gratings and prisms, typically transmissive or 
reflective.  
 
Another fundamental aspect used to characterize spectrometers is the particular region of interest 
within the electromagnetic spectrum of light.  The electromagnetic spectrum spans a very large 
range of wavelengths, starting with γ-rays (1.0x10-3 nm) and ending with radio waves (1.0x109 
nm).  The selected region not only dictates the spectrometer but also the type of detection 
equipment placed inline with the selected spectrometer.  The spectrometer, detection equipment, 
and region of interest for this research will be outlined in later sections.  
 
There are two major classes of measurement within the field of spectroscopy, emission and 
absorption.  Both atomic line and molecular band signatures can be identified using either 
emission or absorption.  Atomic emission spectroscopy identifies electronic transitions in both 
neutral atoms and atomic ions [1].  A transition happens when a single photon is emitted from an 
outer-shell or valence electron in a neutral atom, which corresponds to a spectral emission line 
seen in the UV-visible regime of the electromagnetic spectrum, as shown in Figure 1.2 [1].  
Atoms in an electronic excited state (generated via vaporization or electric discharge) emit 
photons during the transition back to the ground state, as shown in Figure 1.1.  The emitted 
photons can then be spatially separated into the corresponding wavelengths given the energy, 





 ! = ℎ! = !!!                   (1.1) 
 
Where ℎ is Planck’s constant, ! is the speed of light, and ! and ! are the frequency and 
wavelength associated with the emitted light, respectively.  
 
 
Figure 1.1:  Ground and excited state transitions seen in atomic absorption and emission 
 
Atomic absorption spectroscopy requires a source light capable of emitting a continuum 
spectrum, which is passed through excited atoms.  The transition process for absorption is very 
similar to that of emission, as seen in Figure 1.1.  The subtle difference being that an electron is 
excited via photon absorption instead of directly from an external energetic event.  However, the 
signal is collected in the same manner as emission.  In fact, it is possible to see absorptions in 
pure emission spectra and vice versa.  Emission and absorption of molecules in an excitation is 
more complex due to the additional degrees of freedom.  The additional degrees of freedom in a 
molecule allow rotational or vibrational motion, resulting in multiline band spectrum, Figure 1.2. 
 
 
Figure 1.2: Simulated thorium atomic emission spectrum (left), Measured MgO B-X molecular emission 
spectrum using the dust chamber experimental setup (right) 
Wavelength [nm]




































Spectroscopy is a very powerful optical diagnostic tool, since every known atom or molecule has 
a unique signature at certain wavelengths or frequencies.  The ability to seek out and catalogue 
the signature of a particular species opens the door for applications in astronomy, remote 
sensing, nuclear forensics, countering nuclear proliferation, and in the case of the current 
research, detecting the use of Nuclear Weapons of Mass Destruction (NWMD).  
 
The United States’ Joint Chiefs of Staff, state that “the existence of chemical, biological, 
radiological, and nuclear (CBRN) materials and the potential for use by actors of concern 
precipitates the need to plan, prepare for, and counter their use” [2].  Additionally, the Defense 
Threat Reduction Agency (DTRA) states that, “as long as nuclear weapons exist, the United 
States must invest the resources necessary to maintain – without testing – a safe, secure, and 
effective nuclear deterrent that preserves strategic stability” [3].  This research will provide 
uranium spectral signature information for nuclear detection technologies ranging from handheld 
detectors to equipment capable of monitoring large areas of land, sea, or air [3]. 
 
1.2 Limitation of Study 
Experimenting with hazardous materials (e.g., uranium) requires strict limitations with regard to 
safety.  A clear plan for material transport, containment, and cleaning must be established at the 
forefront of any experiment containing hazardous, in this case radioactive materials.  All 
measurement system elements, unless contact is specifically required, must be organized in such 
a way to avoid cross contamination.  It is for this reason that the diagnostic techniques used in 
this research are all non-invasive.  All safety protocol will be outlined in a later section. 
 
Elements with high partition functions, !, also have high electronic complexity (e.g., uranium) 
and thus generate congested spectra where specific emission features are a challenge to 
distinguish without high-resolution spectroscopic measurement equipment [4].  In addition, the 
samples may contain small material impurities having stronger or overlapping emission signals 
than those produced by the material of interest.  Thus further examination of systems capable of 





Steady state emission spectra (i.e., no time dependence) serve as a critical tool for calibration and 
the identification of material signatures.  However, the ability to record time dependent or time-
resolved spectra broadens the scope of spectroscopy as a diagnostic tool.  Andrew Monkman, a 
physicist at the University of Durham in England, defines a Time-resolved Spectroscopy (TRS) 
technique as “anything that allows you to measure the temporal dynamics and the kinetics of 
photophysical processes” [5].  Figure 1.3 shows a typical experimentally measured TRS 
emission spectrum.   
 
With the rapid advancements in laser technology TRS was quickly pushed into the picosecond, 
nanosecond, and even femtosecond regimes, which are all very important time scales for 
tracking physical, chemical, and biological processes [5].  TRS is advantageous because it allows 
one to measure the lifetime of an excited state and distinguish between decaying species with 
different decay rates.  However, the limitation often seen in TRS is the timescale at which the 
measurement system operates.  Pico-, nano-, and femtosecond timescales are not achievable 
without ultrafast-pulsed lasers or very expensive streak cameras.  This research is limited to time 
scales on the order of microseconds achievable with a mechanically streaking rotating mirror 
system. 
 





1.3 Previous Work 
Atomic lines of uranium have been thoroughly classified using hollow cathode discharge 
emission sources.  Bryon A. Palmer has built an atlas accurately (± 0.00002 nm) identifying 
4928 neutral spectral lines and 431 singly ionized spectral lines of uranium ranging from 
approximately 384.62 to 909.09 nm [6].  Palmer has also listed relative intensities of those lines 
to ± 8%.  This atlas, among others in literature, is useful as a calibration source and reliable 
reference for experimentally measured atomic emission lines.  Several literature sources have 
identified emission of molecular bands produced by uranium oxide (UO) and higher oxides 
(UxOy) using Laser-Induced Breakdown Spectroscopy (LIBS).  The following spectral ranges 
were analyzed for the emission of uranium metal in a LIBS plasma kernel: 230 – 438, 438 – 935 
nm [7].  
 
Documented uranium atomic and molecular emission structures have served as roadmaps for this 
research.  Although not the focus of this report, LIBS experimentation has been performed as a 
small supplementary part of this research.  Current efforts in LIBS aim to provide data to build 
chemical models for uranium reactions seen in combustion processes.  The common ground 
between LIBS and the current work lies within the formation and probing of an unstable, high-
energy, and rapidly evolving plasma environment.  Similar environments are produced in spark 
discharges, explosive detonations, and burning dust clouds.  
 
1.4 Overview 
All of the experimental methods of material excitation in this study aim to recreate the physical 
and chemical characteristics of an explosive event containing an actinide core.  Actinides are a 
series of 15 heavy metallic chemical elements (atomic number 89 to 103) found on the periodic 
table of elements.  The explored material excitation methods include an exploding brass 
bridgewire, uranium powder sparking with graphite electrodes, sparking uranium wire 
electrodes, and tungsten electrode spark gap for ignition of fine uranium powder.  
 
The underlying objective of each method is to measure and make comparisons to known spectral 
atomic and molecular emission signatures in the UV-visible regime.  Measurements of both 




composition, temperature, and lifetime of the rapidly evolving uranium excited states.  Studies to 
show the effects of initial system pressures as well as gas compositions will be presented.  High-
speed imaging and measurements of event initiation and duration will also be presented and used 



























CHAPTER 2: EXPERIMENTAL METHODS 
2.1 Safety Protocol 
A great deal of attention and consideration was given to establishing a procedure for safe 
handling and operation of these systems.  Uranium emits radioactive particles that can be 
harmful if the material is inhaled or swallowed and can penetrate skin on contact.  The New 
Jersey Department of Health and Senior Services states that developing engineering controls is 
the most effective way of reducing exposure [8].  As recommended, all operations involving 
radioactive materials have to be completed in enclosed environments, where local exhaust 
ventilation is at the site of chemical release.  All experiments requiring direct chemical exposure 
to air were done within an enclosed glove box to contain all hazardous products.  The 
environment within the enclosed glove box was designed to be flushed and ventilated through a 
particulate filtration system.  Details regarding the glove box will be further discussed in later 
sections.  A continuously ventilated fume hood was used to store individually sealed containers 
of radioactive materials, as shown in Figure 2.1.   
 
    
Figure 2.1:  Radioactive material storage containers, radioactive material storage fume hood (left), 
handheld Geiger counter (right) 
 
Second to engineering controls is the use of Personal Protective Equipment (PPE).  The Division 
of Radioactive Safety (DRS) on campus at the UIUC was consulted to determine the necessary 




tested in order to use full face-covering respirators with HEPA filter cartridges, shown in Figure 
2.2.  Nitrile gloves were worn whenever material handling was required and were disposed of in 
designated radioactive material containers.  When the individual storage containers reach full 
capacity, the DRS is contacted for proper radioactive material disposal.  
 
 
Figure 2.2:  Full face-covering respirator with HEPA filter cartridges 
 
2.2 Material Excitation 
Four different methods of excitation were investigated throughout this study.  These include an 
exploding brass bridgewire, graphite electrode capable of suspending and compressing metal 
powders, uranium wire electrode, and tungsten electrode for metal powder dust cloud 
combustion.  All methods were designed to be capable of generating high-energy arc plasmas 
through various metals with the ultimate goal of conducting tests on uranium.  Throughout the 
duration of the study, methods for preparing and loading material became increasingly efficient 
and repeatable.  Each method has slight variations in physical characteristics (i.e., spark duration, 
initiation delay, burn time, etc.) requiring slightly different optical systems for spectral signal 
collection.  
 
2.2.1 Exploding Brass Bridgewire 
Exploding Bridgewires (EBWs) are very commonly used in the field of High Explosive (HE) 
initiation.  Specifically, the simplicity, reliability, and performance of these devices have placed 




produced by charged fireset capacitors is rapidly discharged between the brass electrodes to form 
an arc plasma.  The discharge spark or arc plasma is then bridged across the spark gap, shown in 
Figure 2.3.  In order to protect the EBW and increase the intensity and duration of the plasma, a 
graphite pencil is typically used to “paint” the electrodes.  Painting the electrodes ensures the arc 
forms across the spark gap and not elsewhere.  It is also possible to paint the electrode with metal 
slurry (water + fine metal powder).  EBW are also useful for establishing event initiation timing, 




Figure 2.3:  Side view of graphite bridgewire housing (left), Top view of graphite bridgewire housing 
(right) 
 
2.2.2 Graphite Electrode 
The first powder sparking electrode was designed to suspend and slightly compress uranium 
powder between two high purity graphite electrodes (Alfa Aesar, 3.05 mm x 305 mm, 99.9995 % 
(metal basis) AGKSP grade, Ultra “F” purity).  Twin lead wire was soldered onto the outer 
surface of each copper insert, where the graphite rods would be threaded to ensure sufficient 
conductivity.  Once attached, each copper insert and graphite rod was pushed into place on each 
side of the Low-Density Polyethylene (LDPE) insulator, which was mounted to an Al 6061 plate, 
Figure 2.4.  The graphite rod ends were also ground to an approximate 45 degree angle for 





Figure 2.4:  Powder sparking graphite electrode design 
 
The geometry of the design was limited by the need to fit the whole system into an Al 6061 
chamber, shown in Figure 2.5.  Since the underlying goal was to perform tests containing 
uranium powder, a closed system was needed.  Powder was loaded using an Al 6061 trough 
where the powder was placed and collected by slowly pushing graphite rods towards each other 
and along the trough.  With the powder loaded the electrode assembly would be carefully 
lowered into the chamber and the chamber would be sealed.  The twin lead wire was fed through 
the mount plate and connected to the fireset.  Once the electrode was designed, the operation was 
verified using non-hazardous metal powders (Al, Fe, W, etc.).  All of the equipment used in the 
powder loading procedure is shown in Figure 2.6. 
 
 






Figure 2.6:  Powder sparking mount and electrode (left), powder trough (bottom center), Al, Fe, and Ta 
metal powder samples (top middle), graphite rod shaping grinder, and graphite rod taping dye and vise 
grip holder (right) 
 
2.2.3 Graphite Electrode Optical Collection System 
Both steady state and time-resolved emission spectra were recorded using the experimental 
schematic shown in Figure 2.7.  Light emitted by the powder excitation inside of the chamber is 
emitted through a 2 inch diameter and 1/4 inch thick quartz window onto the horizontal entrance 
slit of the rotating mirror rig (RMR).  From there the light is passed through a system of mirrors 
used to focus it onto a 50 µm vertical entrance slit of the spectrometer.  The spectral signal is 
then recorded using a charge coupled device (CCD) camera and displayed.  A pulse generator is 
used to synchronize a particular position of the rotating mirror (45 degrees) with the exact 
moment it sends a pulse signaling the fireset to discharge it’s capacitors across the electrode gap 
inside the chamber.  It is also possible to vary the pressure and gas environment using the gas 
ports shown in Figure 2.5.  Gas environments included partial vacuum, air, pure nitrogen, and 
pure oxygen.  Images of an aluminum and uranium powder spark are shown in Figure 2.8.  
Additional operation and specification details of the RMR system, spectrometer, and CCD 









Figure 2.8:  Aluminum powder spark image (left), coarse uranium powder spark image (right) 
 
2.2.4 Uranium Wire Electrode 
The uranium wire electrode design has clear advantages over the graphite electrode powder 
sparking method.  Those include its simplicity, efficiency, consistency of signal, and safety.  
This design does not require reloading of material after a single test has been completed and it 
generates a more consistent and atomic uranium rich signal.  It also requires much less exposure 
to the hazardous sample, since it is enclosed in the Polyoxymethylene (POM or commonly know 
as Delrin) chamber and rarely has to be exposed to the outside environment.  Two optical table 
mounting screws were modified to hold the uranium wire (0.5 mm length, 1 gram, 99.9 % 




fed.  The top side of the screw head was also bored into and threaded to fit a lock screw and nut 
used to secure the twin lead wires, Figure 2.9.  A gas port was also added to control the pressure 
and gas environment inside the chamber.  Gas environments included partial vacuum, air, pure 
nitrogen, and pure oxygen.  
 
  
Figure 2.9:  Uranium wire electrode spark chamber (designed by Professor Nick Glumac) 
 
System operation is exactly the same as shown in Figure 2.7.  The subtle difference is that the 
emitted light is focused onto the horizontal inlet slit of the RMR using a 4 inch focal length 
biconvex lens.  Figure 2.10 shows a side view of the spark chamber, focusing lens, and RMR.  
(Refer to Appendix A for the CAD model of the uranium wire spark chamber). High-speed 
images were taken with the Vision Research Phantom v5.2 camera in ambient air conditions at 
f2.8.  The storyboard is shown in Figure 2.11.  A Nikkor 55 mm (f/2.8) focusing lens was used to 
capture frames at a sample rate of 17467 fps with an exposure of 2 µs at a resolution of 192 x 





Figure 2.10:  RMR and uranium wire electrode spark chamber 
 
 
Figure 2.11:  High-speed imaging storyboard of a uranium wire electrode test 
 
2.2.5 Dust Cloud Combustion 
The final material excitation method is the tungsten electrode for metal powder burning dust 




duration metal powder burning.  Although the discharge is initiated in the same way as seen in 
other methods, the physical response of the metal powder is slower and more dependent on the 
mass of added material.  Some material is dissociated at the moment of the spark discharge, but 
the majority is directed upward and slowly burned as the high-energy plasma arc moves through 
and burns the dispersed metal.  Spark dissociated material will emit light on the order of 
microseconds while the dispersed metal powder will burn on the order of milliseconds.  The 
process for determining the appropriate time scales of the spark and burn will be presented in 
later sections.   
 
For the reasons previously mentioned, the optical path was set above the top surface of the 
electrode mount.  Doing so ensured the optical collection system would detect the emitted light 
from the burn at its most efficient height.  Emitted light passes through a 1/8 inch thick and 1.5 
inch. diameter quartz glass window.  As shown in Figure 2.12, the dust chamber shell was 
designed to be easily removed and pushed down onto the stage of the electrode mount.  The 
chamber is secured with two mounting bolts threaded into the bottom side of the chamber shell.  
Two tungsten welding rods (1/16 inch diameter, 99.9 % purity) were fed through two holes on 
the bottom side of the electrode mount at approximately 45 degrees.  (Exact dimensions of the 
chamber shell, electrode mount, and window mounting plate are presented in Appendix A). 
 
 




Two gas ports were added to the dust chamber shell to allow for variations in internal pressure 
and gas environment (internal volume approx. 80 cm3).  One clear advantage this design has over 
previous powder excitation methods is the ease of material loading.  Instead of suspending the 
powder, the electrode mount was designed with a reservoir, as shown in the top left corner of 
Figure 2.14, allowing the operator to simply pour the sample into place using the transport 
container shown in Figure 2.13.  This technique also provided a more consistent means of 
controlling the powder mass of a given test and reduced the risk of exposure to the hazardous 
material.  A few jet plate geometries were investigated with hopes to enhance particle 
distribution and provide a more direct path for the metal powder after ignition.  The geometries 
under study are shown in Figure 2.14.  
 
 





Figure 2.14:  Electrode mount design and jet plate geometries 
 
Initially, tests were performed with a more coarse natural uranium (U-238) powder (exact 
particle size unknown), Figure 2.15.  In these tests, it was found that the larger pieces of material 
were not being fully ignited, because the particle size has a large influence on the uniformity and 
overall efficiency of the cloud burn.  Once this conclusion was made, a mortal and pestle was 
used to decrease the particle size resulting in a fine powder, Figure 2.15.  An image was taken 
using a microscope digital video camera, Figure 2.16, to quantify the fine uranium particle sizes.  
However, due to the non-uniform particle sizes and inability to make reasonable distinctions 
between them it was not possible to quantify the exact particle dimensions.  Tests with the fine 







Figure 2.15:  Fine uranium powder (left), coarse uranium powder (right) 
 
 
Figure 2.16: Image of fine uranium powder taken with a microscope digital video camera 
 
The same Vision Research Phantom v5.2 high-speed imaging camera was used to record time-
resolved images of the uranium dust cloud experiments, see Figure 2.17.  A Nikkor 55 mm 
(f/2.8) focusing lens was used to capture frames at a sample rate of 53000 fps with an exposure 
of 2 µs at a resolution of 96 x 72 pixels.  The test was with 25.2 mg of fine uranium (U-238) 






Figure 2.17: High-speed imaging storyboard of an uranium dust cloud test  
 
2.3 Experimental Setup 
While the particular experimental operation and measurement components do vary between each 
material excitation method, the overall functionality is more or less the same.  Variations from 
one method to another are mostly seen in the optical collection system.  For example, physical 
system characteristics may require different focusing methods or may require a different 
emission signal collection technique (steady state or time-resolved).  Since each system follows a 
similar experimental setup, the following section will focus on the specific equipment and 
software used in the dust cloud combustion tests. 
 
2.3.1 Methods for Time-Resolved Emission Spectroscopy 
Two different techniques were explored for gathering time-resolved emission spectra.  The first 
uses a system of mirrors to mechanically streak the emitted light from a given event, as depicted 
in Figure 2.18.  A biconvex lens is used to focus the emitted light onto the horizontal slit at the 




single horizontal line containing points rather than long vertical spectral lines.  As time passes 
the points are streaked across the vertical axis of the CCD chip resulting in long spectral lines 
with time as the vertical axis, instead of pixels.  After the horizontal slit the light rays are 
directed onto the first stationary mirror, where the light is then reflected onto the second and then 
third mirror, the rotating mirror.  A manually adjustable brushless motor drives the rotation of 
the mirror.  Tests were run with the motor set to 1000, 1500, and 3000 RPM giving a total of 
109, 63, 43 µs along the vertical axis of the chip, respectively.  From the rotating mirror, light is 
reflected onto the final stationary mirror and focused at the same vertical and horizontal position 
as the horizontal slit at the front end of the RMR.  This point is then aligned with the vertical 
inlet slit of the spectrometer, discussed in later sections.  A laser and photodetector are used to 
detect the exact moment in time when the rotating mirror is at 45 degrees and to infer the mirror 
RPM, orientation is shown in Figure 2.18.  
 
 
Figure 2.18: Mechanically streaking RMR (designed by Professor Nick Glumac) 
  
Early proof of concept burning dust cloud tests implemented the RMR system only for steady 
state (rotating mirror fixed at 45 degrees) emission.  Those tests did prove successful, however, 
due to slow initiation of dust cloud combustion and the precise timing limitations of the RMR 
system, it was not possible to record time-resolved emission spectra of dust cloud combustion 
using the RMR.  The optical collection system used in the early burning dust cloud tests is shown 






Figure 2.19:  Side view of optical collection system for time-resolved burning dust cloud emission 
spectroscopy 
 
Another system capable of recording time-resolved emission spectra was implemented with the 
dust chamber combustion tests.  Instead of streaking the incoming light and collecting the 
spectral signal on a single CCD chip exposure, the incoming light would not be streaked and the 
spectral signal would be collected using a CCD chip capable of recording multiple exposures 
over time.  This new method proved to be a successful way to collect time-resolved spectral 
signal, but would only be able to collect spectra at 143 Hz (7 ms exposures).  Details regarding 
this system will be presented in the following section.  
 
2.3.2 Dust Chamber Experimental Setup 
The dust chamber shell and electrode mount are secured to an optical breadboard mounted to the 
glove box, as depicted in Figure 2.20.  A quartz observation window is located on the back side 
of the glove box.  After each test series the dust chamber would be completely evacuated 
(approx. 3.5 torr on average).  Before opening the interior access cap, the glove box would be 
cycled with shop air through the inlet flush valve and vacuumed through the outlet flush valve.  
For particulate capture, a Koby Junior air purifier and flow equalizer is placed in-line with the 
vacuum pump, Figure 2.21.  All residual material from inside of the dust chamber is rinsed using 
tap water and wiped clean using Kimtech wipes.  All rinse water, used wipes, and any other 
objects in contact with radioactive material were deposited into the designated disposal 
containers.  Once full the containers would be stored in the radioactive material fume hood, as 




the glove box, stored in individual containers, and transported to the glove box using the 
measured powder cartridge.   
 
 
Figure 2.20:  Internal glove box layout schematic 
 
An experimental schematic containing all of the components used in the final dust cloud 
combustion tests is shown in Figure 2.22.  The experimental procedure starts with loading the 
sample into the electrode reservoir and securing the dust chamber shell to the electrode mount.  
Before the event is initiated the Hamamatsu CCD camera (128x1044 pixels, Detector head: 
s7010/1130/31/33/34-1007) and controller (C7557) are set to externally trigger on a signal sent 
by a digital Quantum Composers pulse generator.  Figures 2.23, 2.24, and 2.25 show the CCD 
camera, controller, and pulse generator + PicoScope, respectively.  The pulse generator sends 
101 TTL pulses (Amplitude: 5 V, Width: 1 ms), from Channel A, signaling the camera controller 
to record 101 spectra each with an exposure of 7 ms (i.e., sample 0 at time zero, sample 1 at 7 ms 
from the trigger signal).  The TTL pulses are also sent to the PicoScope, from Channel B to 
Channel A, for triggering and are used to infer system timing information.   
 
 





Figure 2.22:  Dust chamber experimental schematic 
 
  
Figure 2.23:  Side view of Hamamatsu CCD camera (left), rear view of Hamamatsu CCD camera (right)  
 
The pulse generator and PicoScope software are controlled by two separate ASUS laptop 
displays, shown in Figure 2.26.  A single TTL pulse (Amplitude: 5 V, Width: 500 ms, Delay: 
14.3 ms) from the pulse generator, Channel C, is sent to the fireset, Figure 2.27.  Before 




are charged to 95 µA.  Once the capacitors are sufficiently charged the pulse generator is 
prompted to send the TTL signal to the fireset.  The capacitors are discharged through the twin 
lead wire, which is fed through the glove box wall and attached to the tungsten electrodes.   
 
  
Figure 2.24: Side view Hamamatsu CCD camera controller (left), front view Hamamatsu CCD camera 
controller (right) 
 
Emitted light from the dust chamber is then collected by a ThorLabs Si biased photodetector 
(DET10A) covered by two layers of Kimtech wipes to diffuse the signal and avoid detector chip 
saturation.  Light is also collected with a 1 inch. diameter UV Fused Silica biconvex lens with a 
focal length of 125 mm (f4.92) and focused onto the vertical slit (focal plane) of the 
spectrometer.  Focused light then enters the SPEX 270 spectrometer (f5.3) and reflects off of the 
collimating mirror onto a 2400 grove/mm diffraction grating, where it is dispersed to the 
focusing mirror and focused at the plane of the CCD chip.  A diagram of the SPEX 270 
spectrometer is shown in Figure 2.28.  
 
At the moment the capacitors are discharged the CCD camera controller receives the trigger 
signal to start measuring the focused spectral signal.  The Hamamatsu CCD camera software 
then displays the sequence of collected spectra on an IBM ThinkPad laptop display.  In addition 
to the TTL signal from the pulse generator, the PicoScope software also displays the signal 





Figure 2.25: Quantum pulse generator (left), PicoScope (right) 
 
 
Figure 2.26:  PicoScope (left), Quantum pulse generator (left center), PicoScope software laptop display 
(right center), Quantum pulse generator laptop display (right) 
 
 






Figure 2.28:  Top view of the Spex 270 optical spectrometer 
 
Another critical measurement is the initial pressure of the dust cloud chamber environment.  The 
Kurt J. Lesker 275i series vacuum pressure gauge (Figure 2.29) is used to measure the pressure 
of the chamber right up until the moment before the fireset capacitors are discharged.  The top 
ball valve on the dust chamber shell is always closed before a test to protect the sensor.  This 
pressure sensor is also used to monitor the pressure as the gas environment inside of the chamber 
is varied.  The tested environments include: ambient, low pressure, pure nitrogen at low pressure, 
pure oxygen at low pressure, and nitrogen + oxygen at low pressure.  The concentrations of each 
gas for a given test are controlled by how much pressure of each is added via partial pressures.  
Figure 2.30 shows the valve system for adding each gas.  The vacuum pump shown in Figure 
2.31 is used for flushing the glove box and vacuuming down the dust chamber.  Exhaust from the 
vacuum pump is exhausted through a nearby special exhaust duct.  A top view of the 






Figure 2.29:  Vacuum pressure gauge display (left), vacuum pressure gauge schematic (right)  
 
 





Figure 2.31:  Dust chamber vacuum pump 
 
 





2.3.3 Software Operation  
This section will provide information for the operation of the software programs used in the 
experimental procedure.  The Hamamatsu CCD camera and controller, PicoScope oscilloscope, 
and Quantum pulse generator software programs will be reviewed.  Upon opening the 
Hamamatsu CCD camera and controller software, the display shown in Figure 2.33 will appear 
on the desktop.  The first step is to select the correct CCD detector head (s7010/1130/31/33/34-
1007).  The next screen will contain all of the necessary setting options needed to operate the 
camera and controller, Figure 2.34, as described in the previous section.  Some CCD cameras 
require cooling before operation so the next step is to check the ‘Cooling ON or OFF’ option.  
The Hamamatsu CCD camera is set to record a series of 100 (101 on pulse generator to make 
sure 100 spectra are successfully recorded) spectra each with an exposure of 7 ms with an 
amplifier gain of 2.  Since the system requires one set of 100 spectra the ‘Singleshot 
Measurement’ option must be selected.  The timing control must be set to ‘External Start.’  
 
 






Figure 2.34:  Final settings for Hamamatsu controller software  
 
The required start up settings for the PicoScope software are shown in Figure 2.35.  Channel A 
and B voltage thresholds were set to the maximum possible valve of ±20V.  It is best to set these 
values large enough to prevent loss of data in case the signal breaks the voltage threshold.  The 
trigger signal voltage threshold was set to 1V.  The time scale was 10 ms/division, allowing 
sufficient time to record all the burn durations.  Figure 2.36 shows an example of the signal 






Figure 2.35: Operation settings for PicoScope software 
 
 











Lastly, the software program display window used to control the Quantum Composure pulse 
generator is shown in Figure 2.37.  The global pulse mode must be set to ‘Burst’ and the burst 
count must be set to 101 (101 TTL pulses).  A period of 7 ms is chosen to match the exposure 
time of the Hamamatsu CCD camera.  Channel A, used to externally trigger the CCD camera, 
must be set to burst mode with 101 counts, a 5 V amplitude, and a pulse width of 1 ms.  The 
channel control displays must be selected using the ‘Channels’ option bar.  Channel B has the 
same settings as Channel A since it is used to display the external trigger signal.  Channel C is 
used to send a single 5 V and 500 ms pulse to the fireset at a delay of 14.3 ms. 
 
 




CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Background Continuum Fitting 
An open source MATLAB function (backcor.m) was used to perform background continuum fits 
for all of the spectra presented in this section [10].  Background fitting allows for accurate 
comparison of spectral characteristics in a single spectrum, when the background intensity may 
not be consistent.  An accurate background fit is the backbone for deducing relative spectral line 
intensities used in quantitative calculations. Backcor estimates the signal background by 
minimizing a non-quadratic cost function given a user specified cost function type, wavelength 
region, spectral intensity signal, polynomial order, and cost function threshold.  A secondary 
MATLAB function (backcorgui.m) generates a graphical user interface (GUI) window allowing 
the operator to enter the function inputs, shown in Figure 3.1 [10].  All spectra in this report were 
fit using the asymmetric truncated quadratic cost function with varying polynomial orders and 
threshold values depending on the magnitude and shape of the background. 
 
 





3.2 Uranium Spark Discharge Emission 
Several uranium atomic emission lines have been identified in the visible regime.  The region of 
interest for both the graphite and uranium wire electrodes was determined by the abundance and 
strength of emission lines documented in the NIST atomic spectra database [11].   
 
Using the documented wavelength locations and associated relative line intensities it is possible 
to simulate atomic emission spectra and make comparisons to experimentally measured spectra.  
Figure 3.2 shows a simulated emission spectrum of uranium from 577 – 602 nm.  These 
simulations along with others were especially useful when aligning the spectrometer to a specific 
wavelength region. 
 
Figure 3.2:  Simulated uranium emission spectrum 
 
Pre-test spectrometer alignment for the region shown above was achieved using a uranium and 
thorium hollow cathode discharge lamps with neon gas fill.  The lamps were aligned and focused 
along the sample optical path as the light emitted during an excitation event.  However, in these 
experiments it was a challenge to consistently align the optical path of the lamp and excitation 
source thus rendering discharge lamp calibration useless.  For this reason, post-test spectral 
calibration was completed by exciting tungsten powder, which has a high density of atomic lines 
in this region.  Since the tungsten powder would be compressed and suspended at the same 
location as a uranium test, the shift in calibration would be limited.  Spectral calibration for the 
electrode spark test series was completed using the tungsten lines shown in Table 3.1. 
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U II 579.853 nm
U I 583.602 nm
U I 578.059 nm
U II 583.768 nm U I 591.539 nm U I 597.632 nmU I 597.15 nm U I 599.731 nm




Table 3.1:  Selected tungsten atomic emission lines for spectral calibration [11] 
 
 
The pixel values correspond to the spectral line center of each selected tungsten emission line.  A 
peak-finding algorithm takes in the spectral intensity profile and fits each line based on its 
maximum intensity and profile and then returns the sub-pixel location, significantly increasing 
the calibration accuracy.  Those peak locations are then matched with the NIST wavelengths 
corresponding to each line and fit with a second order polynomial to generate the calibrated 
wavelength, linear regression analysis is shown in Figure 3.3 (!! = 0.999999999952) [11].  To 
confirm calibration accuracy Equation 3.1 was used to calculate the difference between the pixel 
locations generated using the algorithm and polynomial fit. Where !, !, and ! are the 
coefficients of the polynomial line fit.  This same procedure is then used to calculate the pixel 
shifts from a calibrated wavelength value to an assigned line emitted from the event source. 
 
 
Figure 3.3:  Linear regression analysis for wavelength calibration 
 
!"#$ =  !! !!"#$ ! !  ! !! ! !!! − !"!!"#$%&'(")             (3.1) 
 
As previously stated, this calibration was used to identify uranium atomic emission lines from 
sparking coarse uranium powder in the graphite electrode.  A total of three tests with varying 








W	I	 106.730 579.649 579.649 106.730 -0.0002
W	I	 279.209 583.897 583.897 279.210 0.0009
W	I	 450.149 588.021 588.021 450.147 -0.0019
W	I	 590.323 591.339 591.339 590.325 0.0014
W	I	 817.150 596.586 596.586 817.149 -0.0003
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mechanically streak the collected signal along the vertical axis of the CCD chip (1024x256).  
The time-resolved emission spectrum of each test is shown in Figure 3.4 – 3.6.  A single 
spectrum containing the maximum count intensity was used for the initial uranium atomic line 
identification. (Refer to Appendix B). 




Figure 3.4:  Time-resolved uranium powder graphite electrode spark spectrum (U300 at 3000 RPM) 
 
Figure 3.5:  Time-resolved uranium powder graphite electrode spark spectrum (U600 at 1500 RPM) 
 
Figure 3.6:  Time-resolved uranium powder graphite electrode spark spectrum (U890 at 1000 RPM) 
 
Test	Name RPM Time	on	Chip	[us] Time	per	pix	[us/px]
U300 3000 109 0.426
U600 1500 63 0.246




The selected emission spectrum was normalized by the maximum intensity in that spectrum and 
mutlipled by 100 to generate relative intensities.  In addition to NIST, uranium atomic lines have 
also been identified and published by both the Division of Plasmaphysics – Atomic spectral line 
database (Kurucz) and George R. Harrison from M.I.T. [12,13]. (Refer to Appendix C for all 
selected uranium atmic emission lines in this range).  Comparisions were made between the 
calibrated wavelengths and the documented NIST, Kurucz, and MIT wavelengths.  The 
important takeaway is the absolute differences between the calibration and documented line 
wavelengths.  Measued lines were selected for comparison based on a threshold intensity value 
and the singularity of the line.  (All identified uranium lines are represented as dotted vertical 
lines where the wavelength values increase from left to right, Appendix C). 
 
Once the emission lines were identified an algorithm was written in MATLAB and used to track 
the moving peak intensities given a specified wavelength tolerance.  This was done to 
compensate for any variations in peak locations resulting in a shift in the associated calibrated 
wavelength value and to increase line intensity traceability for quantitative calculations.  
(Appendix D shows the 3D mesh intensity map of each uranium powder graphite electrode spark 
test, plotted using the mesh MATLAB function). 
 
The same spectral calibration was used to identify atomic emission lines in the uranium wire 
electrode tests.  However, a wavelength shift issue emerged between the uranium powder 
electrode and uranium wire tests.  Since the excitation event location was not exactly the same as 
the tungsten powder on the graphite electrodes a shift of approximately 0.0903 nm was seen.  
This shift was easily corrected in the calibration, since the spectral dispersion remained almost 
identical.  Three tests were recorded with varying mirror rotational speeds, test matrix shown in 
Table 3.3.  The time-resolved emission spectra for each test are shown in Figures 3.7 – 3.9.  
Mechanical streaking and atomic spectral line identification was executed in the same way as in 
the uranium powder graphite electrode tests.  (The selected spectrum for each test is shown in 
Appendix B).  Moving peak intensities were tracked using the same MATLAB algorithm.  










Figure 3.7:  Time-resolved uranium electrode spark spectrum (U880 at 1000 RPM) 
 
Figure 3.8:  Time-resolved uranium electrode spark spectrum (U290 at 3000 RPM) 
 
Figure 3.9:  Time-resolved uranium electrode spark spectrum (U640 1500 RPM) 
 
Based on the atomic emission line density found in the above tests it is clearly possible to detect 
uranium atomic spectral signatures produced by uranium spark plasma discharges.  These events 
are short in duration but produce very high-energy plasmas capable of ionizing uranium (U I to 
Test	Name RPM Time	on	Chip	[us] Time/pix	[us/px]
U290 3000 109 0.426
U640 1500 63 0.246




U II).  There were no clear indications of UO band formation in any of the uranium spark work.  
For this reason it is of interest to move the investigation toward observing longer duration events 
where possible oxide formation may be detectable.   
 
3.3 Dust Cloud Chamber Validation 
An extension of the uranium powder and wire electrode signature work is to investigate long 
duration burning dust clouds.  With intent to validate the detectability of band formation, metal 
powders with well known and easily detectable band structures were investigated.  These metals 
include aluminum (-325 mesh, 99.5% metals basis), zirconium (APS 2 – 3 micron), magnesium 
(Reagent Plus, 99.5% metal basis purity), and hafnium (-325 mesh, 99.6% metals basis 
excluding Zr, Zr nominal 2 – 3.5%).  Electronic temperatures, published by NIST, were used to 
calculate oxide band structure locations for the investigated metal powders.  Unfortunately, NIST 
does not provide any electronic temperatures of UO.  Figure 3.10 shows the steady state 
measured emission spectrum of the AlO B-X (!" = +2,+1, 0) transition band and structures.  
The MgO B-X transition was also identified, as shown in Figure 3.11.  
 
Figure 3.10: Measured dust cloud emission of AlO B-X !" = +2 (left), !" = +1 (middle), and !" = 0 
(right) transition band structures (NOTE: the difference in y-axis scaling) 
Wavelength [nm]





























Figure 3.11:  Measured dust cloud emission of MgO B-X transition band structure   
 
An advantageous aspect of the measured band structures is the high band sequence resolutions.  
Typically the AlO B-X band sequences emitting from explosive events have lower resolution 
due to optical depth effects.  Purely explosive events typically generate optically thick 
environments where impurities from the explosive charge may have a dominating influence on 
the collected spectrum.  The band sequences identified in the aluminum powder dust cloud 
emission experiments resemble a simulated high resolution optically thin AlO spectrum 
presented by J. Peuker, P. Lynch, H. Krier, and N. Glumac [14].  The measured MgO B-X 
transition also appears to have a high resolution.  Since the measured molecular band structures 
of both AlO and MgO appear to have such high resolutions, it follows that any existing band 
structures in a burning dust cloud of fine uranium powder would also have a high resolution due 
to the optically thin measurement technique.  This realization only follows based on the 
measurement technique and not on the chemical and physical differences between the validation 





3.3.1 Burn Time Validation  
Another critical point in the validation process is the establishment of a relationship between 
metal powder mass and burn duration.  Various masses of the previously mentioned powders 
were tested in the dust chamber.  The emitted light was collected using a photodetector and 
recorded with a PicoScope, test matrix shown in Table 3.4.  Figure 3.12 shows the normalized 
signal voltages corresponding to the burn times for each tested powder mass.  A cloth was placed 
in front of the detector to diffuse the light and prevent saturation in future uranium tests.  
 
Table 3.4:  Metal powder burn time validation test matrix 
 
 






Al 0.003 0.0033 0.0036
Hf 0.0036 0.0084 0.0089




3.4 Uranium Dust Cloud Emission Spectra 
Two different regions were investigated in the fine uranium powder dust cloud tests.  The first 
(526 – 553 nm) was chosen based on UO electronic band structures that were identified in a 
LIBS experiment on uranium metal [7].  However, this range only has a few relatively weak 
atomic emission lines so detection of atomic uranium was not expected to be substantial.  The 
second region (362 – 395 nm) was chosen based on the abundance and strength of uranium 
atomic lines seen in this region.  
 
3.4.1 First Spectral Region of Interest 
Figure 3.13 shows the simulation of NIST provided uranium atomic emission lines for this 
region.  Calibration was completed using both uranium and thorium hollow cathode lamps.  The 
same calibration accuracy determination process used in the spark excitation methods was 
followed.  A test series with slight variations in powder masses and chamber pressures was 
conducted, see Table 3.5. 
 
Figure 3.13:  Simulated uranium emission spectrum (526 – 553 nm) 
 













The uranium powder masses were held relatively constant, on the order of 2.3 mg, in the first 
four dust chamber tests.  Test 1.1 was performed with the jet plate geometry (b) attached to the 
electrode mount, Figure 2.15.  The presence of the jet plate only placed a limit on the collected 
signal intensity, since Test 1.1 resulted in the lowest emission signal and the smallest burn time.  
The remaining tests were performed without the jet plate in place.  
 
Ignoring Test 1.1 it is clear that pressure was the main driver for the differences in measured 
signal intensity, shown in Figure 3.14.  A lower pressure environment limited the continuum 
signal and atomic line intensities, which correspond to material impurities (iron).  Figure 3.15 
presents the event burn times.  As expected, the high pressure tests resulted in higher intensity 
and longer duration burns.  With more oxygen in the environment the metal powder was more 
readily burned.  PicoScope recording settings were changed during the test series resulting in a 
cut off in the burn times for Tests 1.3 and 1.4. 
 
 
Figure 3.14:  Uranium powder emission test series 
Wavelength [nm]






























Figure 3.15:  Uranium powder burn times  
 
Additional test series were performed at lower initial pressures (<30 Torr) and with slightly 
different powder masses ranging from 1.5 to 4.0 mg.  The general trend when lowering the initial 
chamber pressure is that the signal intensity will decrease.  However, the majority of the 
emission signals associated with lower powder masses and chamber pressures would reflect 
spark dissociation emission rather than long duration dust cloud burning.  This result imposed a 
strict limitation on the minimum powder mass needed to initiate and sustain a burning dust 
cloud.  The minimum mass was determined to be at least greater that 2.5 mg.   
 
3.4.2 Second Spectral Region of Interest 
The next region of interest was shifted down into the long UV regime (362 – 395 nm).  Both the 
abundance and strength of uranium atomic emission lines are considerably higher in this spectral 
range.  Figure 3.16 presents the simulated uranium emission spectrum produced using NIST 
provided line locations and relative intensities.  The wavelength calibration for this region was 
completed using helium and mercury gas discharge lamps.  A second order linear regression was 
used to fit a total of three spectral emission lines of mercury and helium, calibration spectrum 
shown in Figure 3.17.  The same procedure for confirming spectral calibration accuracy was 
followed.  Improvements were made to this calibration using the later identified iron atomic 
emission lines.   
Time [ms]





















Figure 3.16:  Simulated uranium emission spectrum (362 – 395 nm) 
 
Figure 3.17:  Measured mercury and helium gas discharge tube atomic emission lines 
 
3.4.3 Time-Resolved Uranium Dust Cloud Emission 
All of the dust cloud emission signals presented up until this point have been for steady state 
conditions.  The underlining goal of these dust cloud experiments is to identify uranium and 
uranium oxide signatures emitting from a fireball containing fine uranium particles.  In order to 
make the distinction between spark dissociated atomic emission and atomic or molecular 
emission seen in the fireball, a time-resolved collection system must be implemented.  As 
previously mentioned, the RMR system was the first method explored for gathering time-
resolved spectra of the burning cloud.  However, powder ignition delays and long event 
durations rendered the RMR incapable of collecting the necessary time-resolved signal.  For this 
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U II 393.202 nmU II 389.036 nmU II 386.592 nm
U II 385.957 nm
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reason, time-resolved spectra were collected using a CCD camera capable of recording multiple 
separate exposures.  
 
The advantage of using a multi-exposure collection method is that different points in time during 
the event can be singled out.  Figure 3.18 shows an example of the signal recorded by the 
PicoScope digital oscilloscope.  The rise of each TTL signal pulse is sent to the camera 
controller telling it to take the next exposure.  An important distinction about the pulses sent to 
the CCD camera controller is that the pulse widths do not correspond to the camera exposure 
duration, and the only influencing aspect of the pulse is the moment of the pulse rise.  Different 
points in time during the event can be shifted to any position by changing the powder ignition 
delay in time (14.3 ms in Figure 3.18) allowing certain features to be singled out in one 
individual sample.  Thus it is possible to single out spark dissociated and burning cloud emission 
signals.  However, the CCD camera has a minimum exposure length 7 ms, which restricts the 
time resolution of the samples. 
 
Figure 3.18:  Fine uranium powder burn time and pulses sent to CCD camera (0.0289 g of uranium 
powder at 50 Torr in rich oxygen environment) 
 
To understand the influence of pressure and gas environment (air, oxygen, and nitrogen) on the 
emission signal the test series in Table 3.6 was completed.  Results for Tests 1 – 3 only gave 
continuum emission signals for the entire duration of the event.  Figures 3.19 and 3.20 show the 
formation of slightly different atomic emission features (iron).  The signal recorded in sample 3 
of Test 3 implies spark dissociation emission, while sample 4 shows both an increased 




3.21, it is clear that the emission in sample 3 is from the initial spark while sample 4 captures the 
majority of the cloud burn duration. 
 
Table 3.6:  Fine uranium powder dust cloud test matrix for environment study 
 
 
Figure 3.19:  Emission signal recorded in 3rd sample (recorded at powder ignition) 
 
Figure 3.20:  Emission signal recorded in 4th sample (7 ms after powder ignition) 
Test	[#] Mass	[g] Pressure	[Torr] Environment Max	Counts
1 0.0222 760 Air 2000
2 0.0289 50.0 Air 1000
3 0.0279 50.0 N2 600
4 0.0289 50.0 O2 14000
5 0.0243 20.0 O2 3500
Wavelength [nm]











































Figure 3.21:  Burn time recorded in Test 3 
 
Time-resolved emission signals of aluminum, hafnium, and zirconium powders were also 
recorded in order compare and make distinctions between each atomic line.  With the exception 
of a few insignificant impurities the collected emission signals for each of the metal powders 
mentioned above were exactly the same.  Figure 3.22 shows the collected spectra from a hafnium 
powder test at a moment in time where the lines were most intense.  This spectrum was selected 
for analysis because it gave the strongest and most dense emission lines with the longest burn 
duration.  For that reason it will be used in later sections to infer time-resolved emission 
temperatures produced in a typical dust cloud test. 
Figure 3.22:  Hafnium powder emission (sample 5 at 760 Torr) 
Wavelength [nm]
























3.5 Boltzmann Temperature Calculation 
Experimentally measured relative atomic emission intensity ratios were used to calculate 
temperatures for each material excitation method.  Temperatures associated with both the 
uranium powder and wire spark tests were calculated using different sets of selected atomic 
emission lines.  This was due to the variations seen in line strength distributions between the 
excitation methods.  The necessary line constants for temperature calculation were retrieved 
from the Kurucz atomic spectral database [12].  Those include the upper state Einstein A rate 
coefficient [!!"], J term of the upper state [!!], and the upper state energy [!!], all shown in 
Table 3.7.  The upper energy state degeneracies were calculated using the simple expression, 
Equation 3.2. 
 
!! = 2 !! + 1                   (3.2) 
 




Equation 3.3 was used to create the Boltzmann regression fit of the selected lines.  Where the 
!! is the line intensity ratio calculated by normalizing the intensities of each spectral line to the 
maximum line intensity in the entire spectrum, ! is the wavelength, ! is Boltzmann’s constant, 
and ! is temperature.  The ln !  term is a constant driven by the total state number density and 
the optical measurement path length but for the purposes of the current analysis this term has 
been neglected.  Alternative forms of the Boltzmann fit equation implement the equivalent width 
values instead of considering dimensionless line intensity ratios.  However, given the nature of 
the collected spectra it was not advantageous to integrate for equivalent widths.  
 
ln !! !!!" !! = −
!












A_ul	[1/s] J_u g_u E_u	[J]
1 U	I	 578.057 578.059 5.19E+14 1.84E+06 7 15 4.68E-19
2 U	II 583.770 583.768 5.14E+14 1.21E+05 6.5 14 4.31E-19
3 U	II 584.525 584.525 5.13E+14 3.18E+04 4.5 10 3.45E-19
4 U	I 592.548 592.546 5.06E+14 6.45E+05 9 19 4.87E-19




The values calculated with the natural logarithmic function and upper state energies are plotted 
in Figure 3.23.  Fitting a first order polynomial trend to the data points give a slope value, which 
is then set equal to the term multiplying the upper state energy, inferring temperature.  A steady 
state temperature value of 3130.8 K was calculated using the measured spectral line containing 
the highest intensity peak (spectrum shown in Appendix C).  Time-resolved variations in 
temperature were also calculated using the same Boltzmann regression.  As mentioned 
previously, an algorithm was developed in MATLAB to track the position of the highest peak 
intensity given a wavelength tolerance.  This algorithm also output the moving wavelength value 
associated with that peak intensity, resulting in a maximum wavelength error equal to ± 0.0976 
nm.  The wavelengths at each time step were updated in the Boltzmann regression.  Figure 3.24 
shows the temperature variation with time.  The moving peak locations of each line used in the 
Boltzmann fit are shown in Figure 3.25. 
 
 
Figure 3.23:  Boltzmann fit for maximum intensity sample measured in the uranium powder graphite 
electrode test (U300 at 3000 RPM) 
 
Upper State Energy, Eu [J] #10-19


























Figure 3.24:  Time-resolved temperature of uranium powder graphite electrode test (U300 at 3000 RPM) 
 
Figure 3.25:  Smoothed moving peak locations (U300 at 3000 RPM) 
 
The same temperature calculation process was implemented on the uranium wire electrode tests.  
However, different spectral lines were used to track the relative peak.  Table 3.8 presents the 
selected lines and constants provided by Kurucz.  The maximum intensity spectral line was fit 
with Boltzmann temperature regression resulting in a temperature of 4643.81 K.  Figure 3.26 
shows the fit.  A wavelength shift error of 0.0484 nm was seen after fitting the moving peak 
locations.  Time-resolved temperature variations and moving peak locations are represented in 
Figures 3.26 and 3.27, respectively.  Similarly, the moving peak locations of each line used in 
the Boltzmann regression are shown in Figure 3.28. 
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Figure 3.26:  Boltzmann fit for maximum intensity sample measured in the uranium wire electrode test 
(U640 at 1500 RPM) 
 
 











A_ul	[1/s] J_upper g_u E_upper	[J]
1 U	II 585.391 585.390 1.95E-15 3.18E+04 5.5 12 3.74E-19
2 U	I 591.539 591.539 1.97E-15 9.52E+05 7 15 3.36E-19
3 U	I 595.690 595.686 1.99E-15 7.57E+05 2 5 4.10E-19
4 U	I 600.885 600.885 2.00E-15 1.71E+06 6 13 5.34E-19
5 U	I 601.086 601.086 2.01E-15 1.34E+06 8 17 5.36E-19
Upper State Energy, Eu [J] #10-19













































Figure 3.28:  Smoothed moving peak locations (U640 at 1500 RPM) 
 
As mentioned in the previous section, the atomic emission signal from a burning hafnium 
powder dust cloud will be used to calculate temperature.  The temperatures are calculated using 
iron atomic emission lines rather than uranium lines since no uranium atomic lines have been 
identified in this spectral range.  In fact, these iron lines were the only lines to appear in the 
aluminum, zirconium, and hafnium tests.  However, the temperatures seen in the hafnium tests 
are expected to trend similarly as a burning dust cloud of uranium powder.  These same iron 
lines have been observed in some uranium powder tests but have done so at much lower 
individual line intensities. 
 
Table 3.9 presents the selected iron lines and associated constants, which were provided by 
Kurucz.  A Boltzmann regression fit to the lines from the most intense hafnium powder emission 
spectrum sample is shown in Figure 3.29.  This spectrum was recorded during the 5th (sample 5) 
7 ms exposure spanning from 20.7 to 27.7 ms after the moment of powder ignition.  Although 
the burn time plot shown in Figure 3.30 implies that sample 2 should show strong signal, sample 
2 was found to only record a much lower intensity continuum.  It is suspected that sample 2 only 
recorded the very beginning of the powder ignition before it had achieved full burn.  By the time 
the cloud burn has reached its full intensity the 3rd exposure had already initiated.  An interesting 
find is that samples 3 – 5 show both continuum and atomic emission lines.  Implying that atomic 




discovery for future uranium dust cloud testing.  The temperature variation during the event is 
presented in Table 3.10. 
 

















A_ul	[1/s] J_upper g_u E_upper	[J]
1 Fe	I	 372.256 372.256 8.05E+14 4.97E+06 2 5 5.47E-19
2 Fe	I	 372.763 372.762 8.04E+14 2.24E+07 2 5 6.86E-19
3 Fe	I	 375.824 375.823 7.98E+14 6.34E+07 3 7 6.82E-19
4 Fe	I	 376.378 376.379 7.97E+14 5.44E+07 2 5 6.86E-19
5 Fe	I	 382.782 382.782 7.83E+14 1.05E+08 2 5 7.68E-19
6 Fe	I	 383.422 383.422 7.82E+14 4.52E+07 2 5 6.71E-19
7 Fe	I	 389.970 389.971 7.69E+14 2.58E+06 2 5 5.23E-19
8 Fe	I	 392.025 392.026 7.65E+14 2.60E+06 1 3 5.26E-19
9 Fe	I	 392.292 392.291 7.64E+14 1.08E+06 4 9 5.14E-19
10 Fe	I	 393.030 393.030 7.63E+14 1.59E+06 3 7 5.19E-19
Upper State Energy, Eu [J] #10-19


























Figure 3.30:  Burn time recorded during the hafnium powder test 
 



























CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 
4.1 Summary and Conclusions 
Multiple material excitation methods capable of performing time-resolved emission spectroscopy 
were developed and used to identify actinide signatures in the UV-visible regime.  Uranium 
atomic line signatures were identified in two of the three methods used to recreate the physical 
and chemical characteristics of an explosive event containing an actinide core.  However, none 
of the investigated techniques gave any indication of UO formation.  Comparisons were made 
between measured atomic lines and lines provided by several literature sources containing 
known uranium atomic emission lines [6,11,12,13].  Surprisingly, no uranium atomic lines were 
identified in the uranium dust cloud tests.  Atomic iron lines were measured during and after the 
uranium dust cloud formation.  The iron metal impurities are suspected to have emerged from the 
tungsten electrodes.  This is hypothesized since each tested metal emitted the same iron spectral 
lines.  Given the high density and strength of known atomic uranium lines in the long UV 
regime, it is likely impossible to detect uranium atomic emission in this type of event.   
 
It was found that an inert gas environment (nitrogen) would effectively suppress any spectral 
features and limit the overall energy produced in an event.  In contrast, oxidizing gas 
environments (oxygen) would promote increases in energy output, burn durations, and intensity 
of the measured signal.  But no clear trends were established regarding the individual atomic 
features with the introduction of oxygen.   
 
Two different techniques for collecting time-resolved emission spectra were developed.  The 
RMR technique was proven useful for short duration events (on the order of microseconds), 
while pulsing a CCD camera to record multiple exposures was more advantageous for long 
duration events (on the order of milliseconds).  Additional limitations were found in working 
with the RMR optical collection system.  Those included the inability to suppress mechanical 
vibrations generated by the rotating mirror and inconsistencies in rotation speeds.  When making 
measurements of high sensitivity, vibrations could potentially alter the accuracy of the 
measurement.  While the pulsed CCD camera technique served a good purpose for the 
experiments presented here, an exposure time of 7 ms placed a strong limitation on what can 




Temperatures were calculated for all three of the uranium excitation methods.  Each method 
implemented similar, but not exactly the same, material excitation so making direct temperature 
comparisons is not completely useful.  However, each method produced temperatures on the 
order of 3000 to 4000 K, which is reasonable for a plasma environment.  Sources of error 
certainly exist in the spectra recorded using the RMR.  The maximum temperature measured in 
the uranium wire experiments was about 4643.81 K, which is quite large for this type of event.  
Given the mechanical vibrations and inconsistencies in system timing, it is reasonable to say that 
the tracked line intensities may not necessarily be perfect representations of the atomic line 
evolutions in time.  
 
An interesting discovery was made when analyzing the recorded high-speed images of the 
uranium dust cloud burning test (see Figure 2.17).  It is not very clear when looking at the 
storyboard, but only towards the end of the burning process (> 6 ms), when small particles of 
uranium powder were found to spontaneously combust and burn on time scales much longer than 
the cloud burn durations previously discussed (> 30 ms).  This feature has been identified in 
zirconium particles, but it has not yet been fully classified for uranium. 
 
4.2 Recommendation for Future Work 
In experimental research it is most advantageous to closely mimic the measurement environment 
of interest.  Unfortunately, often times the studies are strictly limited by the scale at which the 
experiments can actually be executed.  In the case of this research, the test scales are 
significantly smaller and less energetic than those associated with the most types of events that 
this research is attempting to simulate.  For this reason, it is recommended that future works 
move toward larger scale testing of explosives containing actinide cores.  Here at the UIUC we 
do have the ability to test these explosives on a medium and large scale where full system 
containment is also already in place.  In fact, the large scale system has already been tested using 
blank charges (not containing an actinide core) to demonstrate its functionality. 
 
Future time-resolved work should implement equipment capable of making accurate spectral 




clear distinctions in the rapidly evolving physical and chemical characteristics of the excitation 
events containing actinide materials. 
 
It may be advantageous to implement an absorption technique for future iterations of the dust 
cloud work, which could draw out additional atomic and molecular features of uranium.  
Additionally, future dust cloud tests could be performed within a combustible environment.  
Specifically, a stoichiometric mixture of oxygen and some fuel source like propane or methane 
could be used.  A combustible gas environment will increase the intensity of the fireball to 
further burn the distributed fine uranium powder. 
 
Finally, further work should involve an investigation of the pyrophoric behavior of uranium dust 
particles seen at later times in the formation of a dust cloud as the event settles.  Increased 
resolution images along with image processing software capable of tracking individual particles 
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APPENDIX C – Tabulated Uranium Atomic Emission Lines 
 














































U	I 577.128 - 577.105 577.108 - 0.023 0.020 10 - 4 -
? 577.706 - - 577.690 - - 0.016 9 - 2 -
U	I	 578.057 578.059 578.059 578.061 0.002 0.002 0.004 24 70 40 -
? 578.183 - - 578.196 - - 0.014 15 - 3 -
? 578.783 - - - - - - 18 - - -
U	II 579.158 - - 579.177 - - 0.020 21 - 4 -
? 579.531 - - - - - - 19 - - -
U	II 579.830 579.853 579.853 579.855 0.023 0.023 0.025 43 70 35 1
? 580.550 - - - - - - 19 - - -
? 581.119 - - 581.129 - - 0.011 27 - 4 -
U	I 581.661 - 581.677 581.679 - 0.016 0.018 10 - 2 -
? 582.767 - - - - - - 14 - - -
? 583.037 - - - - - - 23 - - -
? 583.208 - - - - - - 20 - - -
U	I 583.575 583.602 583.602 583.605 0.027 0.028 0.030 22 45 30 -
U	II 583.770 583.768 583.768 583.771 0.002 0.002 0.001 42 55 30 1
U	II 584.330 - 584.328 584.329 - 0.002 0.001 19 - 3 -
U	II 584.525 - 584.525 584.527 - 0.000 0.003 18 - 20 -
U	II 585.373 - 585.390 585.393 - 0.017 0.020 22 - 10
? 585.905 - - 585.919 - - 0.014 19 - 2 -
U	II 587.084 - 587.093 - - 0.009 - 20 - - -
? 587.396 - - - - - - 15 - - -
U	I 591.519 591.539 591.539 591.540 0.020 0.019 0.021 53 230 125 -
U	I 592.548 - 592.546 592.547 - 0.002 0.001 14 - 3 -
? 593.222 - - 593.244 - - 0.022 13 - 4 -
U	I 593.385 - 593.382 593.385 - 0.003 0.000 17 - 6 -
? 594.195 - - - - - - 13 - - -
U	II 595.186 - 595.203 595.205 - 0.017 0.019 20 - 3 -
U	I 597.129 597.150 597.150 597.153 0.021 0.021 0.024 18 55 50 -
U	I 597.628 597.632 597.632 597.634 0.004 0.004 0.006 22 100 50 -
? 598.262 - - 598.272 - - 0.010 11 - 2 -
? 598.375 - - - - - - 14 - - -
U	I 598.600 - 598.610 598.612 - 0.010 0.012 14 - 25 -
? 598.983 - - - - - - 12 - - -
? 599.634 - - - - - - 12 - - -








































U	I 578.072 578.059 578.059 578.061 0.013 0.014 0.011 38 70 40 -
? 578.248 - - 578.282 - - 0.034 17 - 2 -
U	II 578.798 - 578.857 578.859 - 0.058 0.061 12 5 -
U	II 579.870 579.853 579.853 579.855 0.017 0.017 0.015 24 70 85 -
U	I 580.218 - 580.211 580.213 - 0.008 0.005 19 - 20 -
U	I 580.590 - 580.519 - - 0.071 - 12 - - -
? 581.184 - - 581.129 - - 0.055 8 - 4 -
U	I 581.431 - 581.442 581.444 - 0.011 0.013 8 - 5 -
U	I 581.653 - 581.677 581.679 - 0.024 0.026 6 - 2 -
? 583.078 - - 583.090 - - 0.012 12 - 2 -
? 583.274 - - 583.239 - - 0.035 15 - 2h -
U	I 583.616 583.602 583.602 583.605 0.014 0.014 0.012 27 45 30 -
U	II 583.763 583.768 583.768 583.771 0.005 0.006 0.008 19 55 30 -
U	II 584.348 - 584.328 584.329 - 0.020 0.018 11 - 3 -
U	II 584.542 - 584.525 584.527 - 0.017 0.015 10 - 20 -
? 584.955 - - - - - - 10 - - -
U	I 585.246 - 585.200 585.203 - 0.046 0.043 9 - 4 -
U	II 585.391 - 585.390 585.393 - 0.001 0.002 11 - 10 -
? 585.899 - - 585.919 - - 0.020 9 - 2 -
U	I 586.357 - 586.341 586.343 - 0.016 0.014 11 - 4 -
? 586.598 - - - - - - 7 - - -
U	II 587.078 - 587.093 - - 0.015 - 12 - - -
? 587.390 - - - - - - 7 - - -
? 588.751 - - 588.695 - - 0.056 9 - 3 -
? 589.274 - - 589.263 - - 0.011 11 - 4 -
? 589.748 - - - - - - 8 - - -
U	I 589.938 - 589.877 589.879 - 0.060 0.059 8 - 8 -
U	I 590.221 - 590.249 590.250 - 0.028 0.029 14 - 8 -
? 591.163 - - - - - - 11 - - -
U	I 591.539 591.539 591.539 591.540 0.000 0.000 0.001 100 230 125 -
? 592.007 - - - - - - 9 - - -
? 592.358 - - - - - - 9 - - -
U	I 592.521 - 592.546 592.547 - 0.024 0.025 18 - 3 -
U	I 592.918 - 592.931 592.933 - 0.014 0.016 13 - 5 -
U	I 593.406 - 593.382 593.385 - 0.024 0.021 21 - 6 -
? 594.263 - - - - - - 15 - - -
U	I 594.840 - 594.857 594.859 - 0.017 0.019 12 - 5 -
U	II 595.185 - 595.203 595.205 - 0.018 0.021 13 - 3 -
? 595.529 - - - - - - 12 - - -
U	I 595.690 - 595.686 595.688 - 0.004 0.002 9 - 5 -
? 596.946 - - - - - - 9 - - -
U	I 597.128 597.150 597.150 597.153 0.022 0.022 0.024 37 55 50 -
? 597.469 - - 597.479 - - 0.010 16 - 2 -
U	I 597.628 597.632 597.632 597.634 0.004 0.004 0.006 49 100 50 -
? 598.013 - - - - - - 5 - - -
? 598.262 - - 598.272 - - 0.010 17 - 2 -
U	I 598.600 - 598.610 598.612 - 0.010 0.012 33 - 25 -
? 598.983 - - - - - - 8 - - -
U	I 599.724 599.731 599.731 599.733 0.007 0.007 0.009 34 45 25 -
U	I 599.926 - 599.941 599.943 - 0.015 0.017 16 - 8 -
U	I 600.885 - 600.885 600.887 - 0.000 0.002 11 - 2 -




APPENDIX D – Time-Resolved Uranium Atomic Emission Spectra 
 
Figure D.1:  Time-resolved coarse uranium powder graphite electrode spark spectrum 3D mesh intensity 
map (U300 at 3000 RPM) 
 
Figure D.2:  Time-resolved coarse uranium powder graphite electrode spark spectrum 3D mesh intensity 





Figure D.3:  Time-resolved coarse uranium powder graphite electrode spark spectrum 3D mesh intensity 
map (U890 at 1000 RPM) 
 










Figure D.6:  Time-resolved uranium wire electrode spark spectrum 3D mesh intensity map (U880 at 
1000 RPM) 
 
